Animal domestications have led to a shared spectrum of striking behavioral and 2 morphological changes. To recapitulate this process, silver foxes have been selectively 3 bred for tame and aggressive behaviors for over 50 generations at the Institute for 4 Cytology and Genetics in Novosibirsk, Russia. To understand the genetic basis and 5 molecular mechanisms underlying the phenotypic changes, we profiled gene expression 6 level and coding SNP allele frequencies in two brain tissues from 12 aggressive and 12 7 tame foxes. Expression analysis revealed 146 genes in prefrontal cortex and 33 genes in 8 basal forebrain that were differentially expressed (5% FDR). These candidates include 9 genes in key pathways known to be critical to neurological processing, including the 10 serotonin and glutamate receptor pathways. In addition, 295 of the 31,000 exonic SNPs 11 show significant allele frequency differences between tame and aggressive population (1% 12 FDR), including genes with a role in neural crest cell fate determination. 13 Differences in the behavior of domesticated animals from their wild ancestors provide 15 some of the best examples of the influence of genes on behavior (1). Domesticated 16 animals have been selected to be easy to handle, and they generally exhibit reduced 17 aggressiveness and increased social tolerance to both humans and members of their own 18 species (2). Even after genomes of most domesticated species and their wild ancestral 19 species have been sequenced, the identification of genes responsible for these behavioral 20 differences has proven to be challenging (3-6). The selection for different traits in each of 21 the domesticated animals and the antiquity of the time frame make it difficult to identify 22 which genetic changes are causally responsible for changes in behavior (3, 7, 8) .
Introduction
tame and aggressive behaviors. 48 To identify the genetic basis of the behavioral differences between tame and 49 aggressive fox strains we developed the fox meiotic linkage map, experimental cross- 50 bred pedigrees, and mapped eight significant and suggestive quantitative trait loci (QTL) serotonin receptors 5A, 3A and 7, and a pair of downstream signaling genes: DUSP1 in 111 the cAMP/PKA pathway and AKT1 in the PI3K/AKT pathway (Figure 2A and Figure   112 S7). Nearly all the changes are in the direction of increased serotonin signaling in the 113 tame animals. 114 Besides the critical role of serotonin, dopamine and glutamate were also known to be 115 linked with aggression (32) . In our dataset, no genes in the dopamine receptor pathway 116 were identified to be significantly differentially expressed. For the glutamate receptor 117 pathway, NMDA receptor 2D subunit and downstream signaling genes ITPR3 and 118 ADCY7 were significantly up-regulated in the tame animals ( Figure 2B and Figure S7 ).
119
N-methyl-D-aspartate (NMDA) receptors are a subclass of glutamate receptors important 120 for synaptic plasticity, learning and memory. This pathway also plays a key role in fear 121 conditioning (33) . Up-regulation of NMDA signaling might be consistent with increased 122 responsiveness to keepers in the tame foxes. These results suggest that the gene 123 expression response to selection for tameness in silver foxes impacts neurotransmitter 124 receptor pathways, and the data sheds light on the biological basis of affiliative and 125 aggressive behaviors by relating to neurological and pharmacological correlates with 126 those behaviors.
127
Allele frequency changes during the selection process for tame and aggressive 128 behavior. 129 In addition to the expression response, other genes may manifest changes in coding 130 sequences that could affect protein function. Such genes often show allele frequency 131 changes in their coding SNPs. In the RNA-seq data, we identified 31,025 high quality 132 exonic SNPs (see Methods) and tested allele frequency differences at these positions.
Founder effect, inbreeding and random genetic drift can all result in allele frequency 134 changes, and these factors need to be controlled to accurately assess the role of selection.
135
The tame and aggressive fox populations were selected solely for specific behavioral 136 traits, and full pedigree data for the tame (6,670 individuals) and aggressive (1,863 137 individuals) populations were maintained during the entire breeding program (Figures 138 S2-S3) (11) . Efforts were made to avoid close inbreeding in these populations, allowing 139 a continuous selection for many decades and generations (9, 11) . By taking advantage of 140 this information, we directly simulated the precise effect of genetic drift and inbreeding 141 on allele frequency changes by "gene dropping", a method that uses the known pedigree Figure S9B ). SorCS1, a transporter important for trafficking AMPA glutamate 155 receptors to the cell surface, is one of the QTL positional candidate genes with decreased heterozygosity and increased divergence between populations which was identified in the 157 analysis of re-sequenced genomes (34) . Six SorCS1 coding SNPs are among the 295 158 SNPs with significant tame vs. aggressive allele frequency difference, including the third 159 most significant SNP in the list (Table S6) , highlighting the consistency of allele 160 frequency divergence. Despite the consistent allele frequency change that occurred in 161 SorCS1 due to selection, no change in expression level was detected.
162
One of the 168 genes having a significant SNP frequency change is GRM3, the 163 metabotropic glutamate receptor 3. This glutamate receptor is shown to be associated 164 with schizophrenia, bipolar, mood disorders and delayed sexual maturity in human 165 studies (35, 36) . In our exonic SNP data, GRM3 has a C to G change causing a 166 Threonine-to-Serine missense mutation (T52S) in the coding region, with 100% C in the 167 aggressive foxes and a C frequency of only 30% in the tame foxes (P-value = 4 x 10 -7 and 168 adjusted P-value < 0.01; Figure 3C ). The altered amino acid is in the extracellular region 169 near the glutamate binding site, which might affect the binding affinity ( Figure 3D ). The Our results showed that both gene expression and allele frequency responses in the tame allele frequency might be the direct response to the artificial selection and will help 223 understand the genetic basis of the mammalian domestication process.
Methods

225
Brain tissue selection and dissection. 226 Brain tissue samples were collected from adult foxes maintained at the experimental farm Tissue Mini Kit (Qiagen, CA). QIAzol Lysis Reagent was used to remove excessive 245 lipids in the brain tissue. A260/A280 absorption ratios and RNA concentrations were measured with a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific, DE). RNA-covered more than 80% of the orthologous dog Ensembl transcript in length, suggesting 270 most brain transcripts were assembled close to full length. The RNA-seq reads were 271 mapped to the transcript contig sets by BWA (48) with a maximum of 4 mismatches.
272
Uniquely mapped read counts were summarized on annotated transcripts using 273 BEDTools (49, 50) . Genes that were differentially expressed between tame and 274 aggressive individuals in the two brain tissues were detected with the edgeR package in For the 31,025 leftover SNPs, allele frequencies were estimated by the proportion of 308 references alleles in each population ( Figure S9 ).
309
Pedigree analysis and gene dropping simulations. 310 The entire tame and aggressive pedigrees were constructed based on individual data 311 record cards from the fox farm (9, 11) . The tame pedigree (offspring born year ranging 312 from 1959 to 2010) contains 6,670 individuals including 198 founders ( Figure S2 ). The 313 aggressive pedigree (offspring born between 1967 and 2010) contains 1,863 individuals including 143 initial founders ( Figure S3 ). Inbreeding coefficients for RNA-seq and 315 gDNA-seq samples were calculated using Pedigree Viewer 6.5 (55) . The entire tame and 316 aggressive pedigrees were plotted using the PEDANTICS package in R (56) . The 317 presence of potential second sire is excluded from the analysis, because the proportion is 318 small: 6 (0.32%) in the aggressive pedigree and 144 (2.15%) in the tame pedigree, and 319 none of these individuals had substantial genetic contribution to the 24 RNA-seq samples. locus is not associated with the behavior phenotype), we first simulated all founder 329 genotypes for tame and aggressive pedigrees according to a grid of initial allele 330 frequencies in the conventional population (from 0.01 to 0.99 with an increment of 0.01).
331
Then the genes were "dropped" down both pedigrees based on Mendelian inheritance and 332 performing a random draw for gametes transmitted by heterozygotes. Allele frequencies 333 were calculated for the 12 tame and 12 aggressive RNA-seq samples, and the test statistic 334 is the allele-frequency difference. We simulated this entire process 10,000 times to obtain 
